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3.1

Abstract

This report describes an empirical prediction procedure for turbofan engine noise. The procedure generates
predicted noise levels for several noise components, including inlet- and aft-radiated fan noise, and jet-
mixing noise. This report discusses the noise source mechanisms, the development of the prediction
procedures, and the assessment of the accuracy of these predictions. Finally, some recommendations for
future work are presented.

Introduction

This report describes the development and assessment of a prediction procedure for turbofan engine noise.
This work was performed by The Boeing Company under funding from NASA contract NAS1-97040, Task
10. The noise prediction procedure is based on an empirical procedure that has evolved over many years at
The Boeing Company. This prediction program is known as the Modular Engine Noise Component
Prediction System (MCP). The data used to develop this program include both full-scale engine data and
small-scale model data, and include data obtained from testing done by Boeing, by the engine
manufacturers, and by NASA.

The specific work done under this contract included: migrating selected component modules from an
existing Unix-based prediction program to a Windows/PC operating system; developing a new user
interface; making updates to selected prediction modules, taking advantage of additional data; and
assessing the predictions with measured data. Of particular interest in this work was the accuracy of the
predictions for very high bypass ratio (greater than eight) engines.

In order to generate a noise estimate, the user specifies the appropriate engine properties (including both
geometry and performance parameters), the microphone locations, the atmospheric conditions, and certain
data processing options. The program is modular, meaning that the user specifies which engine noise
components will be predicted. The version of the program described here allows the user to predict three
components: inlet-radiated fan noise, aft-radiated fan noise, and jet noise. These components are described
in Sections 4, 5, and 6, respectively.

MCP predicts one-third octave band noise levels over the frequency range of 50 to 10,000 Hertz. It also
calculates overall sound pressure levels and certain subjective noise metrics (e.g., perceived noise levels).

Features of the program include the ability to:

¢ predict either static, steady state “test stand” noise levels, or airplane flyover noise levels

¢ predict either polar arc microphone levels or sideline microphone levels

¢ predict either free-field or 4-foot pole microphone ground-reflected levels

*  add deltas to selected components (e.g., to account for acoustic lining effects, installation effects, etc.,)

A separate Program Users’ Guide has been written, and sample input and output files have been included
with the software package delivered to NASA. This report addresses the development and assessment of
the procedure.

Noise Component Modeling of Measured Data

The development of empirical component predictions depends upon the separation of the measured data
into the various component noise sources. This process, and the measured data used, are briefly described
in this section.

Component Modeling Process

The development of an MCP module generally uses measured data that has gone through a component
modeling process. For this study the process was used to create data that are in the following form: static,
150-ft polar arc (i.e., static test stand-type data); free-field (i.e., no ground reflection effects); noise
component-separated; and hardwall (i.e., no acoustic treatment).
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The accuracy of these modeled measurements is very dependent on the particular way the data were
originally acquired. The separation of tones is more accurate if narrowband data were taken. The
separation of noise radiating out of the inlet from noise radiating out of the nozzles is more accurate if the
measurements were made using acoustic barriers. And the development of a hardwall model is more
accurate if actual hardwall configurations were tested (and the modeling process does not rely on lining
prediction methods to determine the attenuation due to the acoustic treatment).

There are general guidelines and procedures for the component modeling process, although the process also
relies on a certain amount of “engineering judgment.” The process is described in Reference 1 and
summarized here.

Jet Noise Identification

The measured aft-arc spectra are assumed to be set exclusively by jet noise in the low frequencies. The
exact number of frequency bands that is attributed exclusively to jet noise is a function of radiation angle
and primary jet velocity.

A predicted spectra shape is compared to the measured spectra over these jet-noise-controlled frequency
bands. The difference between these two spectra is defined by a second-order curve fit. This curve fit is
then added to the predicted data over the jet-noise-controlled frequencies. Beyond these frequencies the
predicted spectra is adjusted by the value of the curve fit at the last exclusively jet noise frequency.

This process essentially produces jet noise spectra that are curve-fits of the measured spectra for the low
(exclusively jet noise) frequencies. Beyond these frequencies the spectra shape is based on predictions, and
the levels are set to be continuous with the curve-fitted lower frequencies.

3.1.2  Forward and Aft Noise Separation

3.1.3

Once the jet noise component has been removed from the measured spectra the remaining spectra are
divided into noise radiating out of the inlet and noise radiating out of the primary and fan exhaust nozzles.
This forward/aft split is determined by examining the local minima in directivity plots. The directivity roll-
off rates have been derived from barrier data. If barrier data are available for the specific test data being
modeled, these data are used for determining the forward/aft split.

Tone Identification

The component separation process uses the engine blade and vane counts, and the engine rotation speed, to
identify the frequency where the various turbomachinery-related tones (including fan/compressor
interaction tones and buzzsaw noise) will occur. When narrowband data are available these data are used
to determine the levels of the tones. In the absence of narrowband data, a one-third octave band tone
separation procedure is used to determine the tone levels.

3.1.4  Aft-fan, Turbine, and Core Broadband Noise Separation

3.2

4.1

The aft-radiated broadband noise is separated into fan, turbine, and core noise components. This process is
guided by knowledge, for the particular engine geometry and operating conditions, of the frequency range
over which these components occur and their general spectra shape.

Component-modeled Measurements

The component models used for the prediction assessment discussed in this report consist of ten different
engine data sets, although not all components were present in all the data sets. These data sets included 127
individual power points, of which 48 were for bypass ratios greater than eight.

Forward-radiated Fan Noise
This section discusses the noise associated with the fan that is radiated out of the engine inlet.

Noise Source Mechanisms

The forward-radiated fan noise (inlet noise) component consists of three separate subcomponents,
associated with different noise-generation mechanisms. These subcomponents are described in this section.
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Tone Subcomponent

Fan noise is generated by unsteady aerodynamic loading on rigid surfaces such as the fan blades and the
stator vanes. Unsteady aerodynamic loading associated with periodic flow fluctuations results in tone
noise. This can be due to a number of sources, such as the interaction of an inlet wake with the rotating fan
blades. The steady (when viewed from rotating reference frame) lift and drag forces on rotating fan blades
result in harmonic fluctuations in the non-rotating reference frame. These fluctuations appear at the blade
passing frequency and its harmonics.

4.1.2  Broadband Subcomponent

4.1.3

4.2

4.2.1

When the unsteady aerodynamic loading is associated with random flow fluctuations (such as turbulence)
broadband noise is generated. This can be due to a number of sources, such as: inflow turbulence
impinging on rotor blades and stator vanes; rotor wake turbulence impinging on downstream stators; and
interaction of the blade tip flow with the turbulent wall boundary layer. In addition, there are a number of
possible sources of rotor or stator broadband self-noise; turbulent boundary layers; turbulent wakes; and
incoherent trailing edge vortex shedding.

Buzzsaw Subcomponent

When the blades rotate at supersonic tip speeds, bow shocks form at their leading edges. These react non-
linearly with each other as they propagate upstream through the inlet. Slight variations in shock strengths
result in a pressure spectrum with discrete tones at the shaft rotational frequency and its harmonics. This
noise is referred to as multiple pure tone noise, buzzsaw noise, or combination tone noise.

Procedure Development

The forward-radiated fan noise prediction module is known as INLET3. The development of the procedure
is described in this section.

Broadband Subcomponent

The development of the INLET3 broadband subcomponent module is described in Reference 1 and
summarized here.

The module was developed using five sets of component-modeled measurements, each data set including a
range of power points for a particular engine. These five engine data sets covered a wide range of fan
diameters, included narrow and wide chord fans, and contained some power points with bypass ratios
greater than eight.

The general approach was to develop three empirical correlations. The first one correlated the overall
sound power level (normalized to a reference fan diameter) to an appropriate parameter relating to the
engine operating condition; the second correlated a normalized spectra shape to normalized frequency
bands; and the third correlated a normalized directivity shape to emission angle. The primary functional
dependencies of these correlations are as follow:

spl (Myp, £, 0) = oapwl (M) + spectral correlation (f) + directivity correlation (0)

where
spl = sound pressure level
Mg;p = fan tip Mach number
f = frequency
0 = emission angle
oapwl = overall sound power level (over all relevant frequencies and angles)

In terms of the metrics used this equation is:
spl = [oapwl] + [pwl — oapwl] + [spl — pwl]

where
pwl = sound power level (over all relevant angles at a particular frequency)

These correlations are discussed in the following sections.
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The inlet-radiated fan broadband noise was modeled as two sources. The first source is located at the
trailing edge of the rotor, or at the fan exit guide vanes, and is affected by the propagation in the rotor as
well as in the inlet. The second source is located near the leading edge of the rotor and is only affected by
the propagation in the inlet. The first source dominates at subsonic fan tip speeds, and the second
dominates at high fan tip speeds. The overall sound power (normalized to a reference fan diameter) is
equal to the sum of these two source terms, and is represented as a function of relative tip Mach number
and the number of fan exit guide vanes. This correlation collapses data to within about +/- 3 db over the
full range of tip speeds, with the largest deviations occurring at the supersonic tip speeds.

4.2.1.2  Spectra Shape

The normalized spectra shape was derived by plotting and curve-fitting normalized power levels versus
normalized frequency. The normalized power level was defined as the sound power level minus the overall
sound power level. The frequency was normalized by the blade passing frequency and a Reynolds number,
as described in Reference 1. There were actually two different normalized spectra shapes derived, one for
subsonic fan tip speeds and one for supersonic fan tip speeds.

4.2.1.3  Directivity Shape

The normalized directivity shape was derived by plotting and curve-fitting normalized sound pressure
levels versus emission angle. The normalized sound pressure level was defined as the sound pressure level
minus the sound power level. Similar to the normalized spectra shapes, there were two normalized
directivity shapes derived, one for subsonic fan tip speeds and one for supersonic fan tip speeds.

4.2.2  Tone Subcomponent

4.2.3
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4.3.1

The inlet-radiated fan tone noise prediction is based on an empirical correlation as shown in Figure 1 and
Figure 2. The predicted tone level is the sum of the appropriate sound pressure level (as a function of
harmonic number and fan tip Mach number) and directivity adjustment (as a function of harmonic number
and emission angle), corrected to the appropriate fan diameter by 20 log (fan diameter / 1 foot).

Buzzsaw Subcomponent

The inlet-radiated fan buzzsaw noise prediction is based on an empirical correlation as shown in Figure 3
and Figure 4. The predicted buzzsaw levels are the sum of the appropriate sound pressure levels (as
functions of harmonic number and fan tip Mach number) and directivity adjustments (as a function
emission angle), corrected to the appropriate fan diameter by 20 log (fan diameter / 1 foot).

Assessment

The data used for assessment of the INLET3 module consisted of ten different engine data sets. These data
sets included 127 individual power points, of which 48 were for bypass ratios greater than eight.

Broadband and Buzzsaw Subcomponents

The accuracy of the INLET3 broadband and buzzsaw noise predictions was examined both on the basis of
individual spectra comparisons and on the basis of averaged, normalized spectra comparisons.

Comparisons of individual predicted spectra and modeled-data spectra, for selected power points, are
shown in Figure 5 through Figure 16. From each of the ten engine data sets, power points were chosen that
represented: a relatively low subsonic fan tip speed; a relatively high subsonic fan tip speed; a relatively
low supersonic fan tip speed (if available); and a relatively high supersonic fan tip speed (if available).

In addition, spectra from all the 127 power points were incorporated into smoothed, averaged, normalized
spectra in order to present an overall measure of the accuracy of the procedure (Figure 17 through Figure
22). These spectra were normalized by referencing the third-octave frequency band to the blade passing
frequency (i.e., 10log[1/3-octave freq. band / bpf]). Once normalized, the spectra were grouped (as either
subsonic or supersonic fan tip speed) and fitted with a third order curve. In addition to considering all the
power points in one grouping, comparisons were made using only data for bypass ratios greater than eight.



For both the individual and the averaged spectra comparisons, results are shown for static, 150-foot polar
arc, free-field data for three emission angles: 30, 60, and 90 degrees relative to the inlet axis. In the case of
the supersonic fan tip speeds the figures show spectra for the summed fan broadband plus buzzsaw noise
subcomponents. The reason for this is that, although these subcomponents are predicted separately, it is
sometimes difficult to accurately separate them during the component modeling process.

The following observations regarding the inlet broadband and buzzsaw predictions are made based on the
averaged spectra comparisons:

¢ The prediction trends for the higher bypass ratios (greater than eight) are similar to those for the lower
bypass ratios.

*  The peak sound pressure level tends to be overpredicted. For the subsonic fan tip speeds the
overprediction is less (averaging less than 4 db) than for the supersonic cases, i.e., including buzzsaw
noise (averaging over 10 db in some cases).

*  The peak frequency band is, on the average, fairly well predicted. The exception to this is the 90-
degree, subsonic tip speed case, where the predicted peak frequency band is several bands higher than
the modeled measurements.

¢  The predicted low frequency rolloff is much less than shown in the modeled measurements.

¢ Except for the above-mentioned rolloff rate, the spectra shape is fairly well predicted for the subsonic
fan tip speeds. For the supersonic fan tip speeds the predicted spectra tend to be flatter and smoother
than the modeled measurements.

*  The lower angles (e.g., 30 degrees) are better predicted than the higher ones (e.g., 90 degrees).

*  The buzzsaw noise (judging from the smoothed averaged spectra comparisons and from the low
frequency sub-harmonic tones in the individual spectra comparisons) is overpredicted.

4.3.2  Tone Subcomponent

5.1

5.1.1

The accuracy of the INLET3 tone noise predictions was examined on the basis of individual spectra
comparisons. Comparisons of predicted spectra and modeled-data spectra, for selected power points, are
shown in Figure 23 through Figure 31. From each of eight engine data sets, power points were chosen that
represented: a relatively low power point; a medium power point; and a relatively high power point. The
comparisons are shown for static, 150-foot polar arc, free-field data for three emission angles: 30, 60, and
90 degrees relative to the inlet axis.

The following observations regarding the inlet tone predictions can be made from these comparisons:

*  The fundamental and first harmonic are overpredicted in most cases (about two-thirds of the time).

¢ In about half the cases the fundamental and first harmonic are predicted to within approximately 3 db
of the modeled measurements.

*  There is no evident correlation of inlet tone prediction accuracy with either angle or power level.

Aft-radiated Fan Noise
This section discusses the noise associated with the fan that is radiated out of the fan exhaust duct.

Noise Source Mechanisms

The aft-radiated fan noise (aft fan noise) component consists of two separate subcomponents, associated
with different noise-generation mechanisms. These subcomponents are described in this section.

Tone Subcomponent

The source mechanisms for the aft-radiated tone noise are similar to those for the inlet-radiated tone noise
(Section 4.1.1).

5.1.2  Broadband Subcomponent

The source mechanisms for the inlet-radiated broadband noise are similar to those for the inlet-radiated
broadband noise (Section 4.1.2).



5.2 Procedure Development

The aft-radiated fan noise prediction module is known as AFTFN7. The development of the procedure is
described in this section.

5.2.1 Broadband Subcomponent

The aft fan noise module was developed using nine sets of component-modeled measurements. These nine
engine data sets included 108 individual power points, of which 48 were for bypass ratios greater than
eight.

The general approach was to develop three empirical correlations. The first one correlated the normalized
overall sound power level to an appropriate parameter relating to the engine operating condition; the second
correlated a normalized spectra shape to normalized frequency bands; and the third correlated a normalized
directivity shape to emission angle. The primary functional dependencies of these correlations are as
follow:

spl (fpr, £, 0) = oapwl (fpr) + spectral correlation (f) + directivity correlation (8)

where
spl = sound pressure level
fpr = fan pressure ratio
f = frequency
0 = emission angle
oapwl = overall sound power level (over all relevant frequencies and angles)

In terms of the metrics used this equation is:
spl = [oapwl] + [spl — oaspl] + [oaspl — oapwl]

where
oaspl = overall sound pressure level (over all relevant frequencies at a particular angle)

These correlations are discussed in the following sections.

5.2.1.1 Overall Sound Power Level

Numerous correlations were examined in an attempt to best collapse the overall sound power levels for the
various sets of modeled measurements. Ultimately the best correlation (based on the smallest range of the
95 percent prediction confidence bands) was achieved by plotting a normalized overall sound power level
versus fan pressure ratio as shown in Figure 32. As shown in this figure the overall sound power level was
normalized by four additional terms: a 20 log (fan diameter) term; a 50 log (fan tip Mach number) term; a
15 log (fan solidity) term (solidity being defined as the ratio of fan tip chord divided by fan tip spacing);
and a “delta fan pressure ratio” term. The inclusion of other terms was examined, but none resulted in an
improved correlation. These other terms included: a rotor/stator spacing term; a stator-to-vane ratio term,
various terms involving the number, span, and wetted area of the fan exit guide vanes; and a term involving
the bypass ratio.

The derivation of the “delta fan pressure ratio” term deserves further explanation. The relationship
between fan pressure ratio and fan tip Mach number was fairly similar for all the engines used in the
correlation, as shown in Figure 33. However, those differences that did exist were examined for their
possible effect on noise. This was done by plotting normalized overall power level as a function of the
difference in the fan pressure from the mean fan pressure ratio as shown in Figure 34. A linear curve fit
through this relationship was then applied to the normalized overall sound pressure level as shown in
Figure 32.

5.2.1.2  Spectra Shape

The normalized spectra shape was derived by plotting, and curve-fitting, normalized sound pressure levels
versus normalized frequency, as shown in Figure 35. For each power point from each of the different
engine data sets used in the correlation process, the spectrum at the peak overall sound pressure level
emission angle was chosen. The normalized sound pressure level was defined as the sound pressure level
minus the overall sound pressure level (for that particular emission angle). The normalized frequency was
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defined as the third-octave frequency band relative to the blade passing frequency (i.e., 10log[1/3-octave
freq. band / bpf]).

The effect of bypass ratio on spectra shape was examined as shown in Figure 36. While the spectra shapes
showed some differences for the different bypass ratio groupings, there did not appear to be a quantifiable
trend.

The effect of fan tip Mach number on spectra shape was examined as shown in Figure 37. There was some
difference in the higher frequency rolloff rate for subsonic and supersonic tip speeds, but this difference
was not incorporated into the correlation

The spectra shape characteristics of the various engines in the correlation were compared by curve fitting
all of the power points for each particular engine, as shown in Figure 38. Engine to engine differences
were seen, but there was no obvious, simple geometry or performance parameter the seemed to control
these differences.

5.2.1.3  Directivity Shape

The normalized directivity shape was derived by plotting normalized overall sound pressure levels versus
emission angle, as shown in Figure 39. The normalized overall sound pressure level was defined as the
overall sound pressure level (at the particular angle) minus the overall sound power level. Two directivity
shapes were derived; one for subsonic fan tip speeds and one for supersonic fan tip speeds.

For this correlation it was felt that a “cluster-to-cluster” connecting of points was a better representation of
the correlation than a least squares curve fit.

5.2.2  Tone Subcomponent

53

5.3.1

The aft-radiated fan tone noise prediction is based on an empirical correlation as shown in Figure 40 and
Figure 41. The predicted tone level is the sum of the appropriate sound pressure level (as a function of
harmonic number and fan tip Mach number) and directivity adjustment (as a function of harmonic number,
fan tip Mach number, and emission angle), corrected to the appropriate fan diameter by 20 log (fan
diameter / 1 foot).

Assessment

The data used for assessment of the AFTFN7 module consisted of nine different engine data sets. These
data sets included 108 individual power points, of which 48 were for bypass ratios greater than eight.

Broadband Subcomponent

The accuracy of the AFTFN7 broadband noise predictions was examined both on the basis of individual
spectra comparisons and on the basis of averaged, normalized spectra comparison.

Comparisons of individual predicted spectra and modeled-data spectra, for selected power points, are
shown in Figure 42 through Figure 50. From each of the nine engine data sets, power points were chosen
that represented: a relatively low power point; a medium power point; and a relatively high power point.

In addition, spectra from all the 108 power points were incorporated into smoothed, averaged, normalized
spectra in order to present an overall measure of the accuracy of the procedure (Figure 51 through Figure
53). These spectra were normalized by referencing the third-octave frequency band to the blade passing
frequency (i.e., 10log[1/3-octave freq. band / bpf]). Once normalized, the spectra were grouped and fitted
with a third order curve. In addition to considering all the power points in one grouping, comparisons were
made using only data for bypass ratios greater than eight.

For both the individual and the averaged spectra comparisons, results are shown for static, 150-foot polar
arc, free-field data for three emission angles: 90, 120, and 150 degrees relative to the inlet axis.

The following observations regarding the aft fan broadband predictions are made based on the averaged
spectra comparisons:

*  The prediction trends for the higher bypass ratios (greater than eight) are similar to those for the lower
bypass ratios.

*  The peak sound pressure level is well predicted, generally to within 1 db.
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*  The peak frequency band is well predicted.

*  The spectra shape is fairly well predicted. These averaged spectra show a maximum difference
between predicted and modeled levels of 5 db, and generally within 3 db, over the frequency range of
interest.

*  The prediction accuracy is reasonably consistent for the various power points and angles examined.

5.3.2  Tone Subcomponent

6.1

6.1.1

The accuracy of the AFTFN7 tone noise predictions was examined on the basis of individual spectra
comparisons. Comparisons of predicted spectra and modeled-data spectra, for selected power points, are
shown in Figure 54 through Figure 62. From each of seven engine data sets, power points were chosen that
represented: a relatively low power point; a medium power point; and a relatively high power point. The
comparisons are shown for static, 150-foot polar arc, free-field data for three emission angles: 90, 120, and
150 degrees relative to the inlet axis.

The following observations regarding the aft fan tone predictions can be made from these comparisons:

*  The fundamental and first harmonic are overpredicted in most cases (about two-thirds of the time).

* In about half the cases the fundamental and first harmonic are predicted to within approximately 6 db
of the modeled measurements.

*  There is no evident correlation of inlet tone prediction accuracy with either angle or power level.

Jet Noise
This section discusses the noise generated by the jet exhaust flow.

Noise Source Mechanisms

Jet exhaust noise is comprised of turbulent mixing noise, shock-associated noise, and noise due to the
installation effects of the engine on the airframe. These subcomponents are described in this section.

Turbulent Mixing Noise Subcomponents

The jet mixing noise is generated from the mixing associated with three flow streams; the primary (core or
inner) flow stream; the secondary (fan or outer) flow stream, and the mixed (or merged) flow stream.

The noise in the primary jet region is generated by the turbulent mixing of the primary and secondary
flows. Similarly, the noise in the secondary jet region is generated by the turbulent mixing of the
secondary and the ambient flows.

The mixed jet flow stream refers to the merged primary and secondary flow streams, although there is no
clear boundary defining the transition of these separate flows into a mixed flow. The noise in this region is
generated by the turbulent mixing of the merged and the ambient flows.

6.1.2  Shock-associated Subcomponent

Shock-associated noise is believed to be generated by the large-scale turbulent structures in the mixing
layer interacting with the quasi-periodic shock cells of an improperly expanded jet. This localized
deformation of the shock wave results in the emission of sound. Unlike screech tones, this noise is
broadband, although strongly peaked.

6.1.3  Jet Installation Effects

6.2

The installation of an engine on an airframe affects the jet noise component. These effects include the
acoustic effect of the jet exhaust flow interacting with airplane wing surfaces and the effect of noise
reflecting off the wing surfaces.

Procedure Development

The jet noise prediction module is known as JENGE. The development of the procedure is described in this
section.
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6.2.1

Turbulent Mixing Noise Subcomponents

The JENGE turbulent mixing subcomponent modules are based on Reference 2, and also discussed in
Reference 3, and are summarized here. JENGE is a standard method in SAE ARP 876, appendix C, for the
calculation of subsonic coaxial jet noise.

While the prediction method was empirically derived, consideration was given to the physics of the jet
noise generation and propagation processes in selecting the correlation parameters for the data. The values
of the empirical parameters were based primarily on model jet noise and source location data. Full-scale
static engine data and flight test data were also used to assess the formulation and to modify some of the
parameters as appropriate.

The coaxial jet is conceptually divided into the three source regions described in Section 6.1.1. The
empirical expressions for each of the subcomponents of the jet are comprised of three parts:

1. the basic one-third octave band sound pressure level associated with the shear layer velocity
differences, the turbulent eddy convection velocities, and the ambient flow effects;

2. normalization factors associated with ambient pressure, density (or temperature), spherical divergence,
geometric and acoustic near-field effects, atmospheric attenuation, and external plug effects;

3. the effects of internal acoustic excitation.

The basic formula for the calculation of the sound pressure level for each of these subcomponents can be
expressed as:

spl =[Z1 log (FV + Z2] * [log (S) — Z3 log (FV) — Z4]2 +Z5log (FV) + Z6

The source strength function, FV, is a function of non-dimensional (referenced to the ambient speed of
sound) shear layer velocity difference, eddy convection velocity, and the ambient flow effects. It also
includes the scaling of sound pressure level with the jet and ambient flow acoustic Mach numbers (i.e.,
flight effects). The various coefficients (Z1 through Z6) and the source strength for each subcomponent is
calculated by using the appropriate values for the velocity (primary, secondary, or mixed), jet diameter
(primary or mixed), and Strouhal number. The Strouhal number for each subcomponent is defined using
the shear velocity layer velocity difference, the subcomponent jet diameter and source frequency. All the
coefficients (Z1 through Z6) are more directivity dependent than Strouhal number dependent. The
expression for Z6 includes a normalization factor and an acoustic excitation adjustment. Each of the
subcomponent sources has its own source location distribution associated with it.

6.2.2  Shock-associated Subcomponent

The JENGE shock-associated noise subcomponent module is based Reference 4, and the coding logic is
taken from Reference 5.

6.2.3  Jet Installation Effects

6.3

When a jet noise prediction is made for an installed engine, an additional term is included to account for the
interaction of the jet exhaust flow with the wing surfaces.

Assessment

The data used for assessment of the JENGE module consisted of seven different engine data sets. These
data sets included 104 individual power points, of which 19 were for bypass ratios greater than eight.

As discussed in Section 3.1.1, the aft-arc spectra are assumed to be set exclusively by jet noise in the low
frequencies, and the exact number of frequency bands that is attributed exclusively to jet noise is a function
of radiation angle and primary jet velocity. Thus the assessment of the accuracy of the jet noise prediction
is based on the examination of the low-frequency portion of the aft-arc spectra.

Comparisons of predicted spectra and modeled-data spectra, for selected power points, are shown in Figure
63 through Figure 71. From each of seven engine data sets, power points were chosen that represented: a
relatively low power point; a medium power point; and a relatively high power point. The comparisons are
shown for static, 150-foot polar arc, free-field data for three emission angles: 90, 120, and 150 degrees
relative to the inlet axis.
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The following observations regarding the jet noise predictions can be made from these comparisons:

¢ The jet noise levels are generally well predicted (within one or two db) for the medium- and high-
power points, with only a couple exceptions.

*  The low power points tend to be underpredicted, typically on the order of five db.

*  The prediction accuracy is consistent over the angular range of interest.

Concluding Remarks

The Windows/PC version of the Modular Engine Noise Component Prediction System (MCP) provides a
good tool for the estimation of turbofan engine noise. The program runs on a readily-available computer
platform and has an easy-to-use interface. The predictions can be made from a relatively simple set of
geometry and performance input parameters. The modular structure of the program allows for future
modification and expansion.

The aft fan broadband noise and the jet noise were shown to be well predicted by the program. The inlet
broadband noise and the tone levels tend to be overpredicted.

Several recommendations for future development result from the present study:

*  As more measured data become available, they should be incorporated into the existing prediction
modules. Of particular interest is including a wider range of configurations into the empirical
database. This would include such features as compound swept fan blades and jet nozzles with mixing
enhancers.

¢ Additional and alternative correlating parameters should be examined for the empirical prediction
formulations. This is particularly important if a wider range of configurations are incorporated as
mentioned above.

*  Additional prediction modules should be added. This could include compressor, turbine, core, and
airframe modules.

* To aid in the development of the component-modeled measurements that are necessary for developing
the prediction modules, a set of static test guidelines should be adopted. This would include such
things as taking narrowband noise data; measuring a hardwall (no acoustic treatment) configuration,
and making measurements with forward/aft acoustic barriers in place.

*  Anassessment should be done on the accuracy of the predictions for flight-over noise levels. If
necessary, modifications should be made for improved flight effects calculations.
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Inlet-radiated Fan Tone Noise Prediction
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Figure 1 Inlet-radiated Fan Tone Noise Prediction — Sound Pressure Levels
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Inlet-radiated Fan Tone Noise Prediction — Directivity Adjustment
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Figure 2 Inlet-radiated Fan Tone Noise Prediction — Directivity Adjustments

17



Buzzsaw Noise Prediction
150-foot Polar Arc; 1-foot Diameter Fan
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Figure 3 Buzzsaw Noise Prediction — Sound Pressure Levels
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Inlet Broadband Sound Pressure Levels
Low Subsonic Tip Speeds for Ten Data Sets
150-ft Polar Arc, 30 Degrees, Free-field, Static
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Figure 5 Inlet Broadband Comparison at Low Subsonic Tip Speed and 30 Degrees
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Inlet Broadband Sound Pressure Levels
Low Subsonic Tip Speeds for Ten Data Sets
150-ft Polar Arc, 60 Degrees, Free-field, Static
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Figure 6 Inlet Broadband Comparison at Low Subsonic Tip Speed and 60 Degrees
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Inlet Broadband Sound Pressure Levels
Low Subsonic Tip Speeds for Ten Data Sets
150-ft Polar Arc, 90 Degrees, Free-field, Static
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Figure 7 Inlet Broadband Comparison at Low Subsonic Tip Speed and 90 Degrees
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Inlet Broadband Sound Pressure Levels
High Subsonic Tip Speeds for Ten Data Sets
150-ft Polar Arc, 30 Degrees, Free-field, Static

O modeled data

O prediction
5 ’%9{% 9%}&%}5;‘9q
I i RN il
< p
i 10 db ¢ f =]
Lo 4= i
1
ﬂa@’@i waﬁeyﬁ%ﬁ; 1
2 afl
Bl a1
i H 5’®
Hafﬁf aﬁg
ﬁ/@ SETET TP [ & Sy
5 N R
| ﬁ;f\gw%ﬂ b i orer®”] | ||
s =
ﬁ mﬂéj/a) g ?ETE/Z’E
[erfe BE
L o}

h¥:an
42 7]
mﬁ’?aﬁﬁ I |t B’”/(
”B:// r@/a@d
i
815‘943,;;@;—! Q‘E] 5};@323— igql;f :Hgfg‘f]
ot il i a ‘fe&fnﬂﬁz R
i 3/' [
mﬁii’g%ﬁf 34383221 i
e ///9'
100 1000 10000 100 1000
frequency (Hz) frequency (Hz)

Figure 8 Inlet Broadband Comparison at High Subsonic Tip Speed and 30 Degrees
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Inlet Broadband Sound Pressure Levels
High Subsonic Tip Speeds for Ten Data Sets
150-ft Polar Arc, 60 Degrees, Free-field, Static

® modeled data
@ prediction

B:Eg:éﬂﬂﬂf;ED b o4 e
ga)iﬂw ] N}g@,@fc | g i
4 o
10 db g
Chi o RS

3
==

B o e
Nt
LT
&
p aiil P TTIH
a};ﬂaa’z’a
1
a,IZ'Er
f%ae!”\c"‘e;\g) o)
’f\yz}e} 4 o Qb
HE Fred
i 2 7]
D

Lo
P

14 Z
iy ;ﬁ’& :jaaa'zﬂi

= 7

100 1000 10000 100 1000 10000
frequency (Hz) frequency (Hz)

Figure 9 Inlet Broadband Comparison at High Subsonic Tip Speed and 60 Degrees
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Inlet Broadband Sound Pressure Levels
High Subsonic Tip Speeds for Ten Data Sets
150-ft Polar Arc, 90 Degrees, Free-field, Static
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Figure 10 Inlet Broadband Comparison at High Subsonic Tip Speed and 90 Degrees
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Inlet Broadband + Buzzsaw Sound Pressure Levels

Low Supersonic Tip Speeds for Seven Data Sets
150-ft Polar Arc, 30 Degrees, Free-field, Static
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Figure 11 Inlet Broadband + Buzzsaw Comparison at Low Supersonic Tip Speed and 30 Degrees
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Inlet Broadband + Buzzsaw Sound Pressure Levels
Low Supersonic Tip Speeds for Seven Data Sets
150-ft Polar Arc, 60 Degrees, Free-field, Static
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Figure 12 Inlet Broadband + Buzzsaw Comparison at Low Supersonic Tip Speed and 60 Degrees
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Inlet Broadband + Buzzsaw Sound Pressure Levels
Low Supersonic Tip Speeds for Seven Data Sets
150-ft Polar Arc, 90 Degrees, Free-field, Static
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Figure 13 Inlet Broadband + Buzzsaw Comparison at Low Supersonic Tip Speed and 90 Degrees
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Inlet Broadband + Buzzsaw Sound Pressure Levels
High Supersonic Tip Speeds for Seven Data Sets
150-ft Polar Arc, 30 Degrees, Free-field, Static
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Figure 14 Inlet Broadband + Buzzsaw Comparison at High Supersonic Tip Speed and 30 Degrees
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Inlet Broadband + Buzzsaw Sound Pressure Levels
High Supersonic Tip Speeds for Seven Data Sets
150-ft Polar Arc, 60 Degrees, Free-field, Static
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Figure 15 Inlet Broadband + Buzzsaw Comparison at High Supersonic Tip Speed and 60 Degrees

30



Inlet Broadband + Buzzsaw Sound Pressure Levels
High Supersonic Tip Speeds for Seven Data Sets
150-ft Polar Arc, 90 Degrees, Free-field, Static
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Figure 16 Inlet Broadband + Buzzsaw Comparison at High Supersonic Tip Speed and 90 Degrees

31



Averaged Inlet-radiated Fan Broadband Noise

Subsonic Fan Tip Speeds
30 Degree Radiation Angle
Solid Line = Modeled Data
Dotted Line = Prediction

I I
All Bypass Ratios ‘
10 db i % ......... N \
g s
3 / ' X
9 asp” 4 \
a | e /
(%]
()
X /
©
[
>
o
(%]
/
-20 -15 -10 -5 0 5 10 15 20
third-octave band re: blade passing frequency band
Bypass Ratios Greater Than 8
10 db i //_\ ............ \\
3 P el '
k=)
2 0 | AT \
=0 [ MY \
5 /
§e) /
[
>
(@}
(%)
I4
-20 -15 -10 -5 0 5 10 15 20

third-octave band re: blade passing frequency band

Figure 17 Averaged Inlet Broadband at Subsonic Tip Speeds and 30 Degrees
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Averaged Inlet-radiated Fan Broadband Noise

Subsonic Fan Tip Speeds
60 Degree Radiation Angle
Solid Line = Modeled Data
Dotted Line = Prediction
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Figure 18 Averaged Inlet Broadband at Subsonic Tip Speeds and 60 Degrees
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Averaged Inlet-radiated Fan Broadband Noise

Subsonic Fan Tip Speeds

90 Degree Radiation Angle
Solid Line = Modeled Data
Dotted Line = Prediction
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Figure 19 Averaged Inlet Broadband at Subsonic Tip Speeds and 90 Degrees
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Averaged Inlet-radiated Fan Broadband + Buzzsaw Noise
Supersonic Fan Tip Speeds
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Figure 20 Averaged Inlet Broadband + Buzzsaw at Supersonic Tip Speeds and 30 Degrees
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Averaged Inlet-radiated Fan Broadband + Buzzsaw Noise
Supersonic Fan Tip Speeds

60 Degree Radiation Angle
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Figure 21 Averaged Inlet Broadband + Buzzsaw at Supersonic Tip Speeds and 60 Degrees
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Averaged Inlet-radiated Fan Broadband + Buzzsaw Noise
Supersonic Fan Tip Speeds

90 Degree Radiation Angle
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Figure 22 Averaged Inlet Broadband + Buzzsaw at Supersonic Tip Speeds and 90 Degrees
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Inlet Tone Sound Pressure Levels

Low Power for Eight Data Sets
150-ft Polar Arc, 30 Degrees, Free-field, Static

O modeled data
O prediction
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Inlet Tone Sound Pressure Levels
Medium Power for Eight Data Sets
150-ft Polar Arc, 60 Degrees, Free-field, Static

O modeled data
O prediction
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Inlet Tone Sound Pressure Levels
Medium Power for Eight Data Sets
150-ft Polar Arc, 90 Degrees, Free-field, Static
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Inlet Tone Sound Pressure Levels
High Power for Eight Data Sets
150-ft Polar Arc, 30 Degrees, Free-field, Static

O modeled data
O prediction
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Power Correlation for Aft-radiated Fan Broadband Noise

1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8
Fan Pressure Ratio

Aft Power - 20log(Fan Dia) - 50log(tip Mach) + 15log(solidity) - delta FPR term

aft-radiated power = 20 log (diamg,, / 1 inch) + 3.07 Mtip3 -19.92 Mtipz +11.76 My, + 50 log (M)
— 15 log (solidity) + 97.39 FPR® — 410.33 FPR” + 593.88 FPR — 182.39

Figure 32 Power Correlation for Aft-radiated Fan Broadband Noise
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Fan Pressure Ratio

Fan Pressure Ratio vs. Fan Tip Mach Number

For Nine Data Sets
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Figure 33 Fan Pressure Ratio vs. Fan Tip Mach Number
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Aft Power - 20*log(Fan Diam) - 50*log(tip Mach no.)

Derivation of a Fan Pressure Ratio Delta Term

5db
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Fan Pressure Ratio Re: Mean Fan Pressure Ratio

Figure 34 Derivation of a Fan Pressure Ratio Delta Term
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Aft-radiated Fan Broadband Noise
Normalized Peak Spectra
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Normalized Frequency (third-octave band re: blade passing frequency)

for a normalized frequency less than —15:

SPlyorm =

3 * freqnomm — 3.96

for a normalized frequency between —15 and 15:

SPlaorm =

—0.00195 * freqnom — 0.1036 * frequom — 1.25 * frequom — 13.5

for a normalized frequency greater than 15:

SPlaorm =

—3.5 * freqnorm + 27.89

Figure 35 Spectral Correlation for Aft-radiated Fan Broadband Noise
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Normalized SPL (spl re: OASPL)
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Figure 36 Spectral Correlation for Aft-radiated Fan Broadband Noise by Bypass Ratio
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Normalized SPL (spl re: OASPL)
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Curve-fitted by Fan Tip Mach Number

tip Mach >1

N

tip Mach <1

-20 -15 -10 -5 0 5 10 15

Normalized Frequency (third-octave band re: blade passing frequency)

Figure 37 Spectral Correlation for Aft-radiated Fan Broadband Noise by Fan Tip Speed

52

20



Normalized SPL (spl re: OASPL)
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Figure 38 Spectral Correlation for Aft-radiated Fan Broadband Noise by Engine
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Aft-radiated Broadband Noise
Normalized Directivity
Averaged by Fan Tip Mach Number
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forward) forward)
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20 -70.2 -69.9 110 -40.7 -40.0
30 -66.9 -66.2 120 -39.4 -39.4
40 -63.6 -62.1 130 -39.0 -40.3
50 -59.4 -57.4 140 -41.1 -42.7
60 -53.8 -52.6 150 -45.3 -45.7
70 -50.4 -48.6 160 -47.1 -48.4
80 -47.7 -45.5 170 -52.4 -53.4
90 -44.8 -42.7

Figure 39 Directivity Correlation for Aft-radiated Fan Broadband Noise by Fan Tip Speed
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Aft-radiated Fan Tone Noise Prediction
150-foot Polar Arc; 1-foot Diameter Fan

90
sound pressure level S
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©
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50
0.6 0.7 0.8 1.0 1.1 1.2 1.3 1.4 15
fan tip Mach number
fan tip Mach sound pressure level (db)
number BPF 2BPF 3BPF 4BPF
0.7 65.1 59.1 56.1 53.1
0.8 68.5 66.9 63.9 60.9
0.9 71.1 74.7 71.7 68.7
1.0 75.0 76.4 73.4 70.4
1.1 78.3 71.7 74.7 71.7
1.2 81.5 79.0 76.0 73.0
1.3 84.0 80.1 77.1 74.1
1.4 86.6 81.4 78.4 75.4

Figure 40 Aft-radiated Fan Tone Noise Prediction — Sound Pressure Levels
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Aft-radiate Fan Tone Noise Prediction — Directivity Adjustment
150-foot Polar Arc; 1-foot Diameter Fan

20

directivity adjustment
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various curves for different
harmonics and fan tip Mach numbers
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directivity agjustment (db)
Y
o

-30
-40
-50
0 20 40 60 80 100 120 140 160 180
emission angle (0 degrees forward)
.. directivity adjustment (db)
emission
angle Mtip Mtip Mtip Mtip Mtip Mtip Mtip Mtip Mtip
0.78 0.85 0.94 1.03 1.12 1.20 1.26 1.35 1.40
0 -43.2 -42.0 -43.2 -39.8 -41.7 -36.9 -42.8 -41.8 -42.0
10 -37.7 -36.5 -37.7 -343 -36.2 -31.4 -37.3 -36.3 -36.5
20 -32.2 -31.0 -32.2 -28.8 -30.7 -30.9 -31.8 -30.8 -31.0
30 -26.7 -25.5 -26.7 -23.3 -25.2 -25.4 -26.3 -25.3 -25.5
40 -21.2 -20.0 -21.2 -19.8 -19.7 -19.9 -20.8 -19.8 -20.0
50 -15.7 -14.5 -15.7 -14.3 -14.2 -14.4 -15.3 -14.3 -14.5
60 -10.2 -9.0 -10.2 -8.8 -8.7 -8.9 -9.8 -8.8 -9.0
70 -6.2 -5.0 -6.2 -4.8 -4.7 -4.9 -5.8 -4.8 -5.0
80 -2.7 -1.5 -2.7 -1.3 -1.2 -1.4 -2.3 -1.3 -1.5
90 -2.5 -1.5 -1.5 -1.4 -1.5 -0.8 -1.2 1.1 2.8
100 -1.2 -14 -0.7 -1.4 2.1 -1.2 0.1 0.5 0.8
110 0.1 0.2 0.8 0.6 0.2 0.7 1.1 1.0 0.0
120 2.8 2.4 2.0 2.2 2.0 1.3 1.0 -0.1 -1.5
130 2.8 2.5 1.0 0.0 -1.5 -1.2 -1.8 -3.7 -4.8
140 -1.1 2.3 -2.5 -3.8 -5.0 -4.8 -5.0 -5.3 -6.2
150 -5.7 -6.2 -5.8 -5.4 -6.4 -7.2 -1.4 7.6 -1.5
160 -8.7 -9.2 -8.8 -8.4 9.4 -10.2 -10.4 -10.6 -10.6
170 -11.7 -12.2 -11.8 -11.4 -12.4 -13.2 -13.4 -13.6 -13.5
180 -14.7 -15.2 -14.8 -14.4 -15.4 -16.2 -16.6 -16.6 -16.5

Figure 41 Aft-radiated Fan Tone Noise Prediction — Directivity Adjustments
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Aft Fan Broadband Sound Pressure Levels
Low Power for Nine Data Sets
150-ft Polar Arc, 90 Degrees, Free-field, Static
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Figure 42 Aft Fan Broadband Comparison at Low Power and 90 Degrees
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Figure 44 Aft Fan Broadband Comparison at Low Power and 150 Degrees
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Figure 45 Aft Fan Broadband Comparison at Medium Power and 90 Degrees
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Curve-fitted Aft-radiated Fan Broadband Noise

90 Degrees Radiation Angle
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Curve-fitted Aft-radiated Fan Broadband Noise
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Curve-fitted Aft-radiated Fan Broadband Noise

150 Degrees Radiation Angle
Solid Line = Modeled Data
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Aft Fan Tone Sound Pressure Levels
Low Power for Seven Data Sets

150-ft Polar Arc, 90 Degrees, Free-field, Static

O modeled data
O prediction

] ¢ m
10 db
[\Y]

J

Tiﬁi@\q
|

— |
—

—
| —
—
1

7
N

—

\\
| —

1 | —=0 | —H

i

T
I

———'
—)
D I
7|2
— f

5
T

O
——

BPF 3BPF | 5BPF
BPF 4BPF
AftF one Com

69

-

|
3BPF | 5BPF
oBPF 4ABPF

ower and 90 Degrees



Aft Fan Tone Sound Pressure Levels
Low Power for Seven Data Sets
150-ft Polar Arc, 120 Degrees, Free-field, Static
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Aft Fan Tone Sound Pressure Levels
Medium Power for Seven Data Sets
150-ft Polar Arc, 90 Degrees, Free-field, Static

O modeled data
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Aft Fan Tone Sound Pressure Levels
Medium Power for Seven Data Sets
150-ft Polar Arc, 120 Degrees, Free-field, Static
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Aft Fan Tone Sound Pressure Levels
High Power for Seven Data Sets
150-ft Polar Arc, 90 Degrees, Free-field, Static

O modeled data
O prediction
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Aft Fan Tone Sound Pressure Levels
High Power for Seven Data Sets
150-ft Polar Arc, 120 Degrees, Free-field, Static
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Aft Fan Tone Sound Pressure Levels
High Power for Seven Data Sets
150-ft Polar Arc, 150 Degrees, Free-field, Static
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Jet Exhaust Sound Pressure Levels
Low Power for Seven Data Sets
150-ft Polar Arc, 90 Degrees, Free-field, Static

O modeled data (all components)
O prediction (jet only)
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Figure 63 Jet Noise Comparison at Low Power and 90 Degrees
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Jet Exhaust Sound Pressure Levels
Low Power for Seven Data Sets
150-ft Polar Arc, 120 Degrees, Free-field, Static

O modeled data (all components)
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Figure 64 Jet Noise Comparison at Low Power and 120 Degrees
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Jet Exhaust Sound Pressure Levels
Low Power for Seven Data Sets
150-ft Polar Arc, 150 Degrees, Free-field, Static

O modeled data (all components)
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Figure 65 Jet Noise Comparison at Low Power and 150 Degrees
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Jet Exhaust Sound Pressure Levels
Medium Power for Seven Data Sets
150-ft Polar Arc, 90 Degrees, Free-field, Static

O modeled data (all components)
O prediction (jet only)

ey t;

[¢:]

(]
N
e

T
EE=

g% A
l@ﬂﬂ
100 1000 100 1000
RE frequency (Hz) frequency (Hz)
PRS0l o]
Fireesg]
E\Eg‘f*@,ﬂﬂ
100 1000

frequency (Hz)

Figure 66 Jet Noise Comparison at Medium Power and 90 Degrees
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Figure 67 Jet Noise Comparison at Medium Power and 120 Degrees
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Figure 68 Jet Noise Comparison at Medium Power and 150 Degrees
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Jet Exhaust Sound Pressure Levels
High Power for Seven Data Sets
150-ft Polar Arc, 90 Degrees, Free-field, Static
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Figure 69 Jet Noise Comparison at High Power and 90 Degrees
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Figure 70 Jet Noise Comparison at High Power and 120 Degrees
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150-ft Polar Arc, 150 Degrees, Free-field, Static
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Figure 71 Jet Noise Comparison at High Power and 150 Degrees
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